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FILTRATION METHOD AND APPARATUS 
BACKGROUND OF THE INVENTION 
The present invention in its most general aspect 
relates to filtration methods and apparatus for same. More 
particularly, it relates to filtration methods employing 
semi-permeable membranes as the filtration media- Such methods 
include reverse osmosis, ultrafiltration, dialysis, 
electro-dialysis, water-spitting, pervaporation and microfiltra- 
tion, and depend on certain components being much more permeable 
through the membrane than other components. The result of 
such filtration methods is to separate one or more substances 
by retaining some within a retentate while others are separated 
into a permeate. In the case of electrodialysis , certain ions 
are much more permeable through the membrane than other solution 
cortponents. The valuable fraction may be either the concentrate, 
th'i permeate or, in some instances, both, depending on the 
particular application. In the microf iltrat ion of beer and 
the desalination of brines, the permeate is the desired product. 
In the preparation of pharmaceutical intermediates wherein 
bacterial growth is carried out in an inert but acceptable 
medium, the concentrate is the valuable fraction. 

In its most ipecific aspect, the present invention 
i: directed at overcoming the ubiquitous problem of clogging 
oi: blinding of the filter media by the arcnmn 1 a +• i on of ^Tnr:,^ivor^ 

. -c-craai.c- ^x^i. ^ae presenL invention cms is acccnpiished 
bf a unique application of a known hydrodynamic phenomenon 
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or principle, which is accompanied by several surprising and 
unexpected benefits, also set forth below. 

Understanding of the invention will be facilitated 
by an initial consideration of filtration processes in their 
most general aspects. In terms of worldwide annual tonnages, 
mineral benefication processes are among the most prevalent 
of methods utilizing filtration. Typically, a mineral-bearing 
ore is ground to desired fineness and mixed with water and 
a variety of surface-active chemicals. Then, in a flotation 
cell, air is bubbled through the mixtutre, and the chemicals 
act to attach the non-mineral-bearing lighter particles to 
the bubbles, which form a froth on the surface. The concentrate 
and liquid, after removal of the froth, are passed over large 
rotating drums having coarse screens covered with a special 
canvas, and water is drawn out through the center of the drum 
with suction, and a filter cake is separated from the drum 
exterior, on each revolution and continuously, with a doctor 
blade. Fine particles do find their way into the canvas, ho- 
wever, and this clogs or blinds the filter, preventing the 
separation from occurring and requiring a back-wash operation 
to continue the process (see, generally, Fuerstenau, Ed., "Flota- 
tion," Am. Inst, of Min. Met. & Pet. Engs., New York, 1976). 

Interestingly, the same principles that govern mineral 
separation in hugh froth flotation plants handling millions 
of tons of ore also apply to separations carried out in labor- 
atories on centiliters of a raw solution using the most sophisti- 
cated equipment. Further, the same principles apply to separa- 
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tions of true solutions with no particulates involved (e.g., 
solutions with dissolved molecules such as salts, proteins, 
etc.). Of course, the filter media and the process conditions 
are more different, but the basic principles are the same. 

In conventional separations with a stationary membrane 
the first condition is that the liquid mixture pass over a 
large area of filter media in a 'short time. The reason for 
this is apparent; total flux through the membrane is proportional 
to its area, and separation will occur only at the liquid-media 
boundary, ofter called the boundary layer. This boundary layer 
tends to retain rejected solute species, which are retarded 
from returning to the bulk solution. This leads to concentration 
polarization and in some cases to formation of gel layers. 

Of course, what has made more fine separations possible 
is the development of sophisticated filter materials, known 
generally as semi-permeable membranes. In microf iltration , 
for example, micro-sized pore filters can filter out the bacteria 
that would otherwise spoil unref rigerated beer, replacing 
pasteurization and making available storage-stable "real draught" 
beer in markets. In reverse osmosis filtration, brines and 
other polluted solutions can be rendered potable (usually after 
several treatments in ser iatim ) provided the system pressure 

in such cases. In electro-dialysis filtration, similar media 

-} r- o ' ' n ( -J / ■J > , - ^ . , V ^ ^ ^ ^ V- ^ . , ; . .., , ♦ V , ^ -J , 

- - ■ ■■ >■ r : . , . , 4 1 A -f ^ . . . ^. ^ . .. ^ . A 

and anode ~ help propel the separation. Also, therapeutic 
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dialysis is used to purify patient's blood. However, present 
systems are very expensive and are of limited availability. 

As noted above, the clogging or blinding of filter 
media is a problem at any level of filtration, insofar as trans- 
membrane flow (flux) drops as the pores in the filter media 
become clogged. While scraping off a filter cake and bac.kwashing 
the canvas will suffice in flotation separations, the problems 
multiply when one deals with finer separations. Gels (highly 
hydrated molecules also called floes) can form. As solute 
concentration builds up at the boundary layer, chemical precipi- 
tation of colloidal-size particles can occur, a typical case 
being the precipitation of gypsum (hydrated calcium sulfate) 
from sea water. Blinding and clogging problems are compounded 
by the fact that semi-permeable membranes are not amenable 
to the rough treatment accorded drum filters in ore-dressing 
plants. How prior workers have addressed this problem is set 
forth below. 

Huntington, in U.S. Pat. No. 3,355,382, discloses 
a reverse osmosis desalination system that rotates at over 
1,000 r.p.m., providing G forces of 400, 300 and 200 on three 
concentric membranes. The outer shell and membranes rotate 
as a unit. The device does not fly apart from centrifugal 
rupture because of hydraulic pressure on the membranes, around 
1,000 - 2,000 p.s.i.a. The membranes are periodically cleaned 
by suddenly closing a valve in the outlet line to momentarily 
raise the back pressure above the brine pressure, creating 
a "water hammer." In U.S. Pat. No. 3,396,103 of the same inven- 


wo 05/027B3 


- 5 - 


PCT/L'S04/2094 


tor, the cylindrical membranes are replaced by planar segments, 
and the resulting variation of centripetal acceleration across 
the segment surfaces is said to force transverse lateral circula- 
tion of brine, and lower boundary layer solute concentration. 

The reverse approach is taken by Grenci in U.S. Pat. 
No. 3,400,074. Here, the brine is fed to the interior of the 
drum and the acceleration achieved by rotation is used to drive 
the fluid against the peripheral membrane and thus overcome 
the osmotic pressure. The membrane and drum rotate as a unit. 
This patent does not really address either the problem of mem- 
brane blinding or the structural integrity of the membrane, 
though in the latter instance it mentions that inlet cvnd outlet 
pressures are low, but that pressure on the membrane can range 

from 10 to 10,000 p.s.i. 

The patents to Manjikian, Nos . 3 ,821,108, 3 , 830 , 372 
and 3,849,305 disclose long, narrow-diameter cylindrical membrane 
units eccentrically mounted in a fixed cylinder along with 
mechanical stirrers, rotation of the stirrers be.ng relied 
on to maintain a turbulent condition that will keep the membranes 
free of occluded matter. The cylindrical membrane units are 
displaced in a circular path about the axis of the fixed 
cylinder . 


velocity to the feed and a second rotor, includinc a diffuser 

and the membrane, which operates at a distinct, :ower speed. 
■;y er.c'j-j 1 ay I :iy Ire"; Cv.:.vecticn oi t-.".e Iol".:, l *^ r -i : ic:: j 

zation and filter clogging is reduced. 
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SUMMARY OF THE INVENTION 

Generally speaking, in accordance with the present 
invention, a method and various apparatus for filtration is 
provided, preferably through use of semi-permeable membranes. 

In the use of semi-permeable membranes in processes 
such as ultrafiltration, the most difficult problem has been 
maintaining the membrane surface in an unclogged state. The 
present invention employs a membrane mounted on an inner body 
which rotates within a stationary outer body. The invention 
overcomes the' clogging problem without use of such expedients 
as ultrasound or water hammers, by making use of a hydrodynamic 
phenomena known as Taylor vortices in the parent fluid in the 
gap between the bodies. These annular, toroidal vortices effec- 
tively maintain the membrane at a flux level near ideal, and 
produce other surprising results, the most important of which 
is effective filtration with very low energy consumption. 
By selecting the speed of rotation and the width of the gap, 
the makeup of the permeate for the selected membrane type can 
be determined. 

Specific filtration devices may be used in carrying 
out this method. The devices include a stationary outer cylinder 
and a rotatable inner cylinder having on its surface a 
semi-permeable membrane. Means are provided to lead the permeate 
from the inside of the membrane for collection. Parent fluia 
is inserted within the gap between the cylinders. During 
rotation of the inner cylinder, the fluid is filtered through 
the membrane. A resulting permeate solution is then collected. 

Various means are provided for collecting the permeate 
solutions, and for rotating the inner cylinder. Additionally » 
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parent fluid may be circulated within device, and transmembrane 
flow may be enhanced by various pressure differential means, 
as well as use of an applied electric filed. A membrane on 
the inner surface of the stationary outer cylinder is also 
possible, either alone or in conjunction with the membrane 
on the inner cylinder. 

The surface of the cylinder supporting a membrane 
may be provided with a series of grooves in communication with 
at least one aperature providing access to the interior of 
the cylinder. Lands between the grooves and in registration 
with the periphery of the membrane support the membrane. Adhesive 
can be provided to secure the periphery of the membrane to 
the lands of the surface of the cylinder. 

If the semi-permeable membrane is removed, the appara- 
tus can function as a uniform mixing device. 

It is therefore an object of the present invention 
to provide an improved method and apparatus for filtration 
through semi-permeable membranes. 

A further object of the present invention is to provide 
a method of f : Itration in which the filter material is maintained 
in an unclogged state during normal operation and without resort 
to back pressures or other expedients. 

surface and is low in energy consumption. 

A still furthor object cf tho ir.v'r.t: i r> t - : i' \' : 
tiltr.it.::,:. i ; i ,i j ;iavn;'-; a:i aciive aroa 1 r:^jXi:tci:\Q surface 
corresponding to that covered by remaining solution. 
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Yet another object of the invention is to provide 
a filtration apparatus capable of self-mixing without recircula- 
tion r and which can be run to a very high level of permeate 
recovery. 

Another object of the invention is to provide a filtra- 
tion apparatus having a variable rotation speed whereby concenta- 
tion of solute species in the permeate is controlled. 

Still another object of the invention is to provide 
an improved filtration apparatus having various means for creat- 
ing a pressure differential across a semipermeable membrane. 

Still other objects and advantages of the invention 
will in part be obvious and will in part be apparent from the 
specification . 

The invention accordingly comprises the several steps 
and the relation of one or more of such steps with respect 
to each of the others, and the apparatus embodying features 
of construction, combinations of elements and arrangements 
of parts which are adapted to effect such characteristics, 
all as exemplified in the following detailed disclosure, and 
the scope fo the invention will be indicated in the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

For a fuller understanding of the invention, reference 
is had to the following description taken in connection with 
the accompanying drawings, in which: 
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in 


Fig. 1 is a simplified schematic perspective view, 
partial section, of a pair of cylinders with a fluid there- 
between, illustrating phenomena utilized in the inventions- 
Fig. 2 is an enlarged view of a portion of Fig. 1, 
showing fluid flow in accordance with the phenomena utilized 

in the invention; 

Figs. 3A and B are plots of tangential and angular 

velocities between A-B in Fig. 2, 

Figs. 4A ^nd B are plots of radial and angular veloci- 
ties betv^een C-D in Fig. 3; 

Fig. 5 is similar to Fig. 2, and shows the additional 
effect o:: permeate being removed through the membrane; 

Fig. 6 is a side elevational view in cross-section 
of a f:.rst embodiment of an apparatus for carrying out the 
invention ; 

Fig. 7 is a flow diagram of a generalized system 
of filtration; 

Fig. 8 is a side elevational view in cross-section 
of a second embodiment of an apparatus for carrying out the 
invention ; 

Fig. 9 is a side elevational viev of the inner cylinder 
of the apparatus of Fig. 8 with the filter in cross-section; 


Fig. 11 is a side elevational view in cross-section 

of finot'.^.'^^r ^^^r.bc-i i r.^n *: c f th'^ c'lter cylir. i^r i r. .ir:^^r-anco v: th 
t, n e a p ]. i r a t u s c: r. r ' i . r ; 
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Fig. 12- is a cross-sectional view taken along line 

12-12 of Fig. 11; 

Fig. 13 is a side elevational view in cross-section 
of a third embodiment for carrying out the invention, particular- 
ly adapted for limited volume separation; 

Fig. 14 is a partial side elevational view in 
cross-section of a fourth embodiment of the invention having 

a magnetic drive; 

Fig. 15 is a partial side elevational view of a fifth 
embodiment of the invention in cross-section, having a membrane 

cleaning system; 

Fig. 16 is a cross-sectional view taken along line 

16-16 of Fig. 15; 

Fig. 17 is a side elevational view in cross-section 
of a fifth embodiment for carrying out the invention, particular- 
ly adapted for small volume separation; 

Fig. 18 is a side elevational view in cross-section 
of the small volume separator of Fig. 17, having a magnetic 

rotation means; 

Fig. 19 is a side elevational view in cross-section 

of a sixth embodiment of the invention, having an applied elec- 
tric field for generating transmembrane flow; 

Fig. 20 is a side elevational view in cross-section 

of a seventh embodiment of the invention for in situ separation; 

Fig. 21 is a cross-sectional view taken along line 

21-21 of Fig. 20; 

Fig. 22 is a side elevational view in cross-section 
of the apparatus of Fig. 20 having a propeller means for enhanc- 
ing recirculation; 
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Fig. 23 is a cross-sectional view taken along line 
23-23 of Fig. 22; and 

Fig. 24 is a side elevational view in cross-section 
of a mixing reactor in accordance with the invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention is based , at least in important 
partr on the discovery that a known hydrodynamic phenomena 
called Taylor vortices can, under properly controlled conditions, 
be generated in a^ rotating semi-permeable filtration apparatus, 
and that, such vortices help to maintain a clean membrane surface 
for continued operation. A surprising aspect of the invention 
is the low energy consumption achieved when the methodology 
of the invention is practiced. 

Understanding of the invention will be facilitated 
if the Taylor vortex phenomenon is clearly understood. As 
discussed by Schl.;.chting in Boundary-Layer Theory 7th Ed., 
McGraw-Hill, 1979, instabilities in fluid flow between concentric 
cylinders where only the inner cylinder is in motion were first 
investigated by Lord Rayleigh, who performed calculations based 
on the assumption that the fluid was non-viscous. Taylor, 
using a framework of linear theory and considering viscous 
fluids, found that when a certain Taylor's number was exceeded. 


Attention is directed to Fig. 1, which illustate 
the phenomenon in simplified form. Specifically, an out^r 
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cylinder 12 of radus Ri by a gap d. The gap is filled* with 
a fluid 14. Under the proper conditions, set forth below, 
vortices rotating clockwise (16, 18, 20, 22) and counter-clock- 
wise (17, 19 f 21) are set up. The present invention defines 
the conditions whereby these vortices are maintained while 
continuously withdrawing fluid permeate through the inner cylin- 
der . 

Taylor determined that the minimum condition for the 
establishment of such vortices, defined as the Taylor number 
(T^) was 


T = 1 
a 


> 41.3 (Eq. 1) 


R. 

1 


where v is the kinematic viscosity of the fluid, and Ui is 
the peripheral velocity of cylinder 12. 

Taylor and others determined that the vortices would 
persist in some cases at T^ = 400 and in other cases up to 
T^ = 1700, but that tubulence would ensue if the Reynolds number 
(Ra) rose above about 1000. Ra = uii2d) , where w is 

V 

axial velocity). More particularly, those skilled in 
hydrodynamics will appreciate that a time average velocity 
profile of fluid flow will generate a smooth curve, but an 
instantaneous velocity profile is very ragged. Thus, the Taylor 
vortices shown in Fig. 1 may be characterized as "main flow", 
but there will be a turbulent component of this, and as T- 
rises, this instantaneous turbulent velocity will ultimately 
become more important. 
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Curiouslyr insofar as is known, until the present 
invention, the only applications for this phenomena involved 
the lubrication of journal bearings and the air cooling of 
electric generators. 

Understanding the invention as applied to filtration 
is facilitated by a more detailed consideration of an individual 
vortex between an inner wall 12 and an outer wall 10, and atten- 
tion is directed to Fig. 2, where the points A, B denote 
positions on the ^ respective inner and outer walls opposite 
the center of a vortex, and points C, D denote positions between 
a pair of vortices. Using cylindrical coordinates, V2 = 
tangential velocity, Vj. = radial velocity and vq = angular 
velocity, it can be seen that Vg describes a sine wave between 
points A and B, there being zero tangential velocity at the 
center of the torous, as Fig. 3A illustrates. For a 
counter-rotating torous, the curve is reversed. The radial 
velocity from C to D describes an arc, as shown in Fig. 4A. 

The important fact here is that the shear stresses 
due to tangential velocity, V2, at one point A are in one direc- 
tion and at the next point A are in the opposite direction. 
In a filtration device, the inner wall 12 is a semipermeable 
membrane and, because there is a net axial velocity due to 

move from the inlet to the outlet. Thus, the surface of the 
membrane is continuously "scoured" by the solution i^s^lf, 

therecn are maintained in tho solution. 
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The effect of suction through the membrane on the 
vortices is actually not large, even though it is the cause 
of concentration polarization. This is because the velocity 
of the suction, defined as voluKietric flux per unit area of 
membrane per unit of time, is small compared to the linear 
velocity created by the rotating cylinder. 

One aspect of the invention is the discovery that, 
when the conditions for establishing the Taylor vortices are 
met, the filtration can proceed at quite nominal pressures 
and the high pressures normally associated with these procedures 
are avoided, which is important in large-scale separations. 
However, in many separations high pressures will be preferred. 

Comparing the torque required for ideal laminar flow 
between inner rotating and outer stationary concentric cylinders 
(see Bird et al. Transport Phenomena , John Wiley & Sons 1960), 
and the torque required for vortices (see Taylor, "Fluid Friction 
Between Rotating Cylinders," Proc. Roy. Soc, London, 1932), 
the latter generally is about 2-3 times greater, because of 
energy transfer from the primary (axial) to the secondary 
(vortex) flow. However, in general, the energy required as 
used in conventional apparatus, is still at least an ordei 
of magnitude greater than the energy required for rotation. 
Again, there are instances with the present invention where 
ideal conditions involve high rotational energy. 

These problems are overcome with the apparatus oi 
the invention, and attention is now directed to Figs. 6 anc 
7. 
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A generalized system of filtration in accordance 
with the invention is shown in the flow chart of Fig. 7 and 
includes a pressurized feed tank 1, a feed line 2, a recircula- 
tion pump 2f an apparatus 4, and a feed return line 5. 

Referring to Fig. 6, apparatus 30 is supported on 
a suitable rack 32 to which is also attached a drive motor 
34. The stationary portions of the apparatus 30 comprise an 
outlet (lower) housing 36 with an outlet 38 centered in the 
bottom thereof, an inlet (upper) housing 40 including a gas 
line fitting 42, a central opening 44, to accommodate a drive 
shaft 45, and a suitable gasket (seal) 48. Housings 36 and 
40 hold between them an outer (stationary) cylinder 50, which 
may be made of clear, strong plastic. 

It is a feature of the invention that several inter- 
changeable cylinders 50 may be provided, all having the same 
outside diameter, but each having a different inside diameter, 
whereby gap d may also be varied. Also, some cylinders 50 
may be provided with an inlet 52 and an outlet 54, as shown 
in phantom in Fig. 6, so that filtrations involving recirculation 
of the feed can be carried out. The rotating portion of 
Apparatus 30, in addition to drive shaft 46, comprises an upper 
housing 56 and a 1 o wp r rM ^ c i - q ^ , , „ _ ^ ^ ^ _ _ v- - - ; ^ . . - .- . 

-^b Luat mciuae a vertical slot 6i for accommodating 

the ends of a membrane 74 wrapped therearound, and that it 

insertion of the membrane ends 76, but will be normally sealed 
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tightly. Also, housing 56 and 58 are sxzed to make a tight, 
friction seal against the membrane and prevent any leakage. 
Upper housing 56 has drive shaft 46 axially fitted into its 
top for rotation therewith. Lower housing 58 includes an axial 
opening 62, which serves as a permeate outlet, and a bushinc 
64 formed of a material such as Teflon selected for minimui; 
resistance. A second gasket (seal) 64 is provided between 
(rotating) lower housing 58 and (stationary) housing 36, and 
0-rings 66 ,and 68 are provided between cylinder 50 and outlet 
housing 38 and inlet housing 40, respectively, to prevent fluic 
leakage . 

It is important to note that the outside diamete: 
of upper housing 56 is less than the inside diameter of oute: 
cylinder 50, providing a fluid communication path 7 8 betwee: 
chamber 70 at the top of the apparatus and space 7 2 betwee. 
cylinders 50 and 60 for gas fed from gas line 42. 

Adaptability of the apparatus 30 to efficient separa 
tion of small samples is clear. Even when the sample doe 
not fill space 72, a large membrane area relative to the availa 
ble fluid is presented, and gas pressure supplied via lir. 
42 can serve to pressurize the sample and aid filtration 
separation is fast, and there is virtually no volume limi 

to permeate recovery. 

Utility of the invention is illustrated by the follov 

ing specific examples. 
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EXAMPLE I 

A filtration cell having a working membrane area 
of 390 cm2 (0.42 ft^) was employed, and Ri = 3 cm and d = 0.5 
cm. A test solution (3000 ml) was 0.02% bentonite in tapwater 
(v= 0.015 poise). With pure tap water and 10 psi pressure 
the transmembrane flow was 220 ml/min (0.14 gpm/ft^) or 136 
vsa (gpm/ft2 x 929) (1 usa = lO'^'ml/cm^ sec atmosphere). 
By rotating the membrane (inner) cylinder at 100 rpm, a 
= 428 was established and the vortices appear. Pressure was 
again 10 psi. Results are set forth in Table I. Table I and 
the tables following describe various characteristics of the 
permeate . 

TABLE I 

Time (min ) ml/min gpm/f t ^ gsa Temp. °C REMARKS ; 


0 
5 
10 
15 
20 
25 


100 
100 
100 

96 
104 

94 


0.06 

0 .06 

0.06 

0.06 

0.065 

0.06 


62 
62 
62 
59 
64 
59 

EXAMPLE 2 


24 

25 

27 
20 


Permeate was clear 


rpm, giving a T^ = 705. Results are shown in Table II 
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TABLE II 


Time : 
(min ) 

gpm/f t 2 
at 20 psi 


Concentration : 
of the feed % 

REMARKS : 

0 

0.026 

26.8 


0.2 

Clear: Room Temp. 

5 

0.020 

21 


0.21 


15 

0 . 015 

15.7 


0.24 


30 

0.012 

12.5 


0.28 


40 

0.011 

11.6 


0.32 


50 

0.0108 

11.2 


0.35 


60 

0 . 0108 

11.2 


0.39 


70 

0.01 

10. 3 


0.44 


90 

0 . 009 

9.4 


0.55 

EXAMPLE 3 



A third 

test 

was 

carried out 

under conditions similar 

to those used in 

Example 

2, except that the rotational speed 

was increased to 

800 

rpm, 

giving a 

Ta = 1616. Results are 

shown 

in Table III 



TABLE III 


Time : 
(min ) 

gpm/f t^ 
at 20 psi 


Concentration 
of the feed % 

REMARKS: 

0 

0.03 

31.3 


0.2 

Clear: Room Temp. 

5 

0. 024 

24.6 


0.2 


15 

0.02 

20.6 


0.25 


30 

0.019 

19.2 


0.32 


40 

0.017 

17.9 


0.39 


50 

0.017 

17.4 


0.49 


60 

0.0156 

16.1 


0.65 


70 

0.013 

13.4 


0.85 


Q n 


^ A A 


1 ? 

R4* Water recovery 
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EXAMPLE 4 

A second test solution was prepared using a milligram 
of BSA (96-99% bovine albumin) per milliliter of a buffer 
solution. The buffer was as follows: 
Buffer ; 0.0167 molar NaH2P04 

0.033 " Na2HP04 

0.15 " NaCl 

0.0003 " NaN3 
In this solution^ v = 0.01 poise. The same apparatus as in 
Examples 2 and 3 was used (d = 0.4 cm, = 1.3 cm) and the 

test was run at 350 rpm, giving a T^ = 1057. Results are shown 
in Table IV. 

TABLE IV 
BSA Cone. 


Time : 

gpm/f 


in permeate 


(min ) 

at 10 Dsi ) 

usa 

(mq/ml ) 

REMARKS : 

5 

0.012 

12 

0. 114 

Concentration of 





buffer in permeate 

10 

0.012 

12 

0.126 

was the same as 





original buffer. 

15 

0.013 

13 

0.101 


30 

0.013 

13 

0 .089 


45 

0.012 

12 

0.091 


60 

"1 r 

0.013 

13 

0.091 


100 

0.0123 

12 . 3 

0.124 



Concentrate : 2 .723 
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EXAMPLE 5 

In this test, the results of which are reported in 
Table V, a different membrane was used, but the buffered albumin 
solution was the same, as was the apparatus. However, the 
test was run at 1000 rpm for two minutes { Tg = 3030) and then 
dropped to 350 rpm. High-speed results reported in Table V 
are underlined. 


Time: gpm/ft2 

(min ) at 10 psi ) usa 

5 0.036 36 

2 

5 0.030 30 

10 0.033 33 

15 0.029 29 

20 0.028 28 

30 0.028 28 

45 0.033 33 


TABLE V 

BSA Cone 
in permeate 

( mq/ml 

0.085 


0.073 
0 . 169 
0 . 057 
0.143 
0. 143 
0. 163 
0.185 


REMARKS: 

Concentration of 
buffer in permeate 
was the same as 
original buffer. 


The important aspect of these results, compared tr 
ordinary filtrations, is that the transmembrane flow ratt 
remained substantially constant throughout the test, indicatm' 
no clogging or blinding of the filter. Another aspect to not 
is that permeate compositions can be altered constantly b 
using different rpm's. 
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In conventional membrane separation processes, as 
examplified by Millipore and Amicon equipment, the membrane 
is located at the bottome of a vessel, the fluid is poured 
in, and a magnetic stirring bar provides agitation. Such a 
stirring bar must be kept at a distance, however small, from 
the membrane surface and yet have at least some of its structure 
submerged to obtain any reasonable mixing and for effective 
separation to occur. In a situation where the sample volume 
is small and high permeate recovery is required, the only answer 
is to use a very narrow vessel with a correspondingly small-area 
nembrane at the bottom. This makes for a very slow separation. 

Attention is now directed to the optimization of 
a filtration procedure using the method and apparatus of the 
invention . 

The feed solution, with its own viscosity, is a 
"given." With the apparatus of the invention, gap d and velocity 
are variable. Generally, a variety of semipermeable membranes 
will be available but this is not always the case. 

The next step is to optimise the Taylor number. 
With some fluids the Taylor vortices are readily observable 
but, if not, adding some aluminum powder is a handy expedient. 


is seiectea. 

Of course, varying gap d has a second-order affect 

that as d gets smaller (and T3 decreases) the vortices will 
be more intense, and energy cons-ompt ion will also rise. 
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The goals of establishing the general procedure are 
clear: the desired permeate, no fouling of the membrane, a 
good flux through the membrane, and, within these constraints, 
minimal energy consumption, which means the slowest rotation 
that is compatible with the desired permeate and flux-criteria. 

Two further aspects of the invention are worthy of 
note. one is that, because of the significant force involved 
during operation, a unit such as shown in Fig. 6 can be operated 
vertically, horizontally or even tilted at an angle. Secondly, 
because of the wide range of allowable values of Ta, the two 
cylinders need not be concentric. For example, one or the 
other or both could be a section of a cone, or the axis of 
the inner cylinder could be offset from that of the outer 
cylinder. Even though it is known that the Taylor vortices 
will survive such manipulation, the effect thereof on specific 
separations must be determined. 

Referring now to Fig. 8, a second embodiment of the 
apparatus of the invention is disclosed. Apparatus 104 is 
supported by a bracket 107 and is connected to a drive motor 
108. Apparatus 104 contains a lower housing 109 and an upper 
housing 110 which together support an outer cylinder 111. 
Upper housing 101 has an outlet 112. Similarly, lower housing 
109 has an inlet 113. Outlet 112 and inlet 113 are used ir 
recirculating a pressurized feed liquid. A drive shaft 114, 
operatively coupled to a drive motor 108, is supported in uppei 
housing 110 by bearings 115. A dynamic seal 116a along th< 
side of drive shaft 114 keeps the feed liquid within oute: 
cylinder 111. 
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An inner cylinder 117 is found with an outer surface 
having a grid of interconnecting narrow and shallow channels 
128 connected by at least one radially extending hole to a 
central bore 106 in cylinder 117. Bore 106 receives and communi- 
cates with a hollow shaft 118 supported by bearings 121 on 
housing 109. A membrane 129, constructed in the form of a 
flat sheet, is wrapped around cylinder 117, having its ends 
sealed and attached to cylinder 117 by means of transfer adhesive 
or liquid glue. Membrane 129 may also be constructed as a 
seamless sleeve dimensioned to fit over inner cylinder 117. 

After transmembrane flow, permeate will flow by means 
of the grid of interconnected channels 128 in the outer wall 
of inner cylinder 117 into hollow shaft 118 and then through 
a funnel 122 into a suitable collector (not shown). A static 
seal 119a between hollow shaft 118 and inner cylinder 117 pre- 
vents leakage of the pressurized feed liquid into bore 106, 
so that the feed liquid will not mix with the permeate. A 
dynamic seal 116b between shaft 118 and housing 109 also helps 
to separate the feed liquid from the permeate. Static seals 
119b and 119c between inner cylinder 117 and lower housing 
109 and upper housing 119 serve to separate the feed liquid 
from the permeate. A pressure relief valve 120 may be provided 
in upper housing 110. 


114 , 
upper 

outer 


of Fig. 8 and held in place by an adhesive material 127 


or other applicator luethod between the peripPiGral regions ot 
membrane 125 and cylinder 117. Consequently, adhesive material 
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127 forms a barrier between the feed liquid and the permeate 
liquid referred to earlier. 

Inner cylinder 117 had smooth upper and lower surface 
areas 129a and 129b, which are free of a grid 128, for 
application of the adhesive material and engagement by the 
side peripheral regions of a sheet of membrane material 126. 
Further, inner cylinder 117 has a smooth longitudinally extending 
surface area 129 for application of adhesive material 127 and 
engagement by the end peripheral regions of a sheet of membrane 
material 125. The ends of the sheet are preferably abutting 
over surface area 129c of inner cylinder 117. The membrane 
may be drawn tightly or loosely over inner cylinder 117 but 
the sealing engagement of the peripheral region of membrane 
125 with flat surfaces 129a, b and c insure separation of feed 
liquid and permeate. The rest of the surface of inner cylinder 
117 may be provided with grid 128. This arrangement permits 
easy, sure and rapid mounting of a membrane on the cylinder 
and the replacement thereof. 

Referring now to Figs. 11 and 12, an outer cylinder 
130 may also have a membrane (not shown) applied on the inside 
surface of outer cylinder 139 with the membrane surface facing 
toward inner cylinder 117. Outer cylinder 130 also has smooth 
surface areas on its inner surface for application of the adhe- 
sive material, including a smooth, logitudinal surface 
which connects two circumferential smooth areas 131b and 131c 
at opposite ends thereof. The remaining surface area of oute: 
cylinder 130 is formed with a grid of narrow interconnectin- 
channels 131d for the purpose of collecting permeate. Channel 
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131d lead to not less than one hole 132a through the wall of 
outer cylinder 130. Hole 132a terminates in a muzzle 132b 
to which a tube is coupled to receive permeate • 

The apparatus described and illustrated in Figs, 
S-12 can also have two individual membrane components: one 
attached to the outer surface of an inner cylinder and one 
'ittached to the inner surface of an outer cylinder. The two 
nembranes (i.e., the inner and outer membranes) may be con- 
structed from the same material in order to increase, for 
•example, the total effective membrane material area and thereby 
--he total transmembrane flow. Alternatively, the two membranes 
T.ay be of different composition and/or structure in order to 
permit separation of different feed substances, wherein each 
membrane acrs somewhat differently toward substances dissolved 
or suspended within the feed stream. 

For example, the difference between the two membranes 
may be such that one is hydrophobic and the other hydrophilic; 
or one may be positively charged (e.g., fixed or adherent 
chemical, cationic charged groups) while the other may be nega- 
tively charged (e.g., fixed or adherent chemical, anionic charged 
groups); or one membrane may contain certain fixed or adherent 
structures of a bio-affinity type differing from those of the 


i3Ia 
. 131C 

: J t o r 
ectinc 
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Additionally, one can take advantage of the inherent 
centrifugation effect of the apparatus. Where the feed stream 
contains substances of differing densities, lighter, less dense 
materials would tend to be concentrated and then filtered prefer- 
entially by the inner membrane (i.e., the membrane at the outer 
surface of the inner cylinder), while more dense materials 
would tend to be concentated and filtered by the outer membrane 
(i.e., the membrane attached to the inner surface of the outer 
cylinder) during operation. 

In ' the specific use of emulsion separations (e.g., 
oil droplets - micells in water), one can take advantage of 
the difference in density between oil and water, the hydrophobic 
nature of the oil, and the ionic nature of the micell surface. 

Apparatus 104 of Fig. 8 can also be converted into 
a small volume separator by either closing inlet 113, replacing 
inlet 113 with a suitable plug, or replacing bottom housing 
109 with a similar housing not having inlet 113. With inlet 
113 closed, plugged or omitted, the feed liquid can be supplied 
through outlet 112. The feed liquid concentrate is not recircu- 
lated and may be pressurized directly by a suitable gas. 

A third embodiment of the apparatus in accordance 
with the invention is depicted, like reference numerals being 
applied to like elements to those found in Fig. 8. Apparatus 
133, a (limited) volume separator, differs from the embodiments 
of Fig. 8 only in the construction of lower housing 147 which 
does not include an inlet 112. Rather, the feed liquid is 
inserted through outlet 112 and, if desired, a pressurizing 
gas may also be applied through said outlet. 
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Transmembrane flow in the apparatus depicted in Fig. 
13 occurs as described earlier. In operation, part of the 
membrane may remain in contact with the pressurized feed liquid 
while the other part of the membrane will be in contact with 
the pressurized gas. If the apparatus is positioned in a verti- 
cal orientation so that the pressurized gas is above the feed 
liquid level, contact between the gas and an effective membrane 
.irea will produce an insignificant amount of transmembrane 
gas flow. Consequently, the separation process may be carried 
out until the feed liquid level approaches the lower edge of 
the effective membrane, surface area. 

If in an apparatus of the type of Fig. 8, a membrane 
is only applied to the inner surface of the outer cylinder 
(as opposed to application of a second membrane to the outer 
surface of an inner cylinder), the apparatus, as Fig. 14 illus- 
trates, can utilize a magnetic drive shown schematically at 
147. This, in turn, eliminates the need for dynamic seals. 

In Fig. 14, outer cylinder 157 with a membrane 153 
applied thereon is held between an upper cap 148 and a lower 
cap 149. A solid inner cylinder 150 is rotated by means of 
magnetic drive 151b acting upon magnetic element 151a carried 
by said inner cylinder 150. Inert, low friction bearings 152a 


lich 


1 s 


through openings 154 and 155, while permeate is withdrawn through 
opening 156. Static seals 146a and b provide seals between 
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..,3. .3 ana U .U.s..a.e a .v=t.. 
. .„e at th. outer surface o£ an inner rotating cyUnder 
the memorane at tne ^^naratus similar 

„ The system includes an apparatus 
using a jet stream. ihe s, spraying com- 

. ^ Fia 8, but having a Det spraying 

that illustrated m Fig. o, 
to that li.-'- .^.^^orl near a membrane 

■ . of iet nozzles 158 positioned near 
ponent consisting of ^et n „^^,les 158 

• . rotating cylinder 136. While Det nozzles 
135 of an inner rotaciny jr 

= -;nole iet nozzle may be used, 
are shown, a single d^t: uooer 

■ ^or 165 is retained between an upper 

An outer cylinder 165 is r 

i7n Inner cylinder 136 is 
1^7 and a lower housing 13 8. mne 
housing 137 and a l^earings 140 

chaft 139 which rotates 

X- ^^r.u, .^haft 141 which rotates 
and in a lower hollow shaft , ,,,, while lower 

. na 137 is formed with an outlet 143a, while 
Upper housing U' 

housing 138 is formed with an inlet 143b. 

aet nozzles 158 are positioned perpendicular .o o , 

• -.am angled towards the membrane surface. It . is 
at a minimum, angiea ^„^;,vos due 

..n, that because the membrane rotates 
feature of the system that 

• of the inner cylinder and the jet spraying system 
to rotation of the ^^^^^^ 

,s moved up and down, it is possible to clean 

of the membrane with one or more jets. ^ 
specifically, the jet spraying system 

v.d to a rigid tube 160 which runs 
flexible tube 159 connected to a rig 

, . the space between outer cylinder 165 and inner 
vertically m the space ce <,„onorts 

, . , 136 Tube 160 is closed at an end thereof and support 
cylinder 136. Alternatively, tube 

and is connected to at least one 3et 158. A 

K onnected to a member for recirculating fluid 
160 may be connected to a 

w ic:q The fluid used for cleaninc 

<-Ko fluid to tube 159. The tiuj-u 

returning the tiuia ,nt 

a pre..re ...er tKan t.e pressurUea 
enter, t.e sv^^e. -rou,. e.e.i.le tu.e .S,. ana Uows t.rou. 
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tube 160 and finally into jets 158. Fluid used for cleaning 
may include the feed fluid, the permeate, or special fluid. 

In order for the jet spraying system to move 
vertically, tube 160 is journaled through upper and lower hous- 
ings 137 and 138 and supported by reciprocal bearings 163a 
and 163b. Reciprocal seals 164a and 164b prevent leagage of 
the pressurized feed solution. Tube 160 is reciprocally displac- 
ed in the direction of arrows 144 by a means not shown. Permeate 
flows in grooves 146a and hole 146b in the same manner as in 
the embodiment of Fig. 8. 

Referring now to Fig. 17, a mini device in accordance 
with the present invention for providing a membrane-based separa- 
tion apparatus for processing small volumes of liquid, is 
disclosed. By way of example, the mini device of Fig. 17 may 
be used to separate a liquid into a permeate and a retentate 
(concentrate), when said liquid is a small volume liquid sample 
as found in clinical laboratories {e.g., blood samples, blood 
plasma, urin sample, etc.). It may also be employed for other 
small volume liquid samples as occur in research and analytical 
laboratories . 

In Fig. 13, an apparatus is depicted for processing 
small volumes of liquid without recirculation such that small 
volumes of liquid can be filtered by a membrane while maintaining 


d r a r. v. 


ana 


ning 


:ough 


the apparatus from the lower dynamic seal up to the level of 


t h 1 c w n r • :^ 

1 -J p p cl r iTi tl u s , 


rraterials o£ the lower .iynamic seal and the 
lower hollow shaft represent a constraint on the types of 
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possible separations which may be achieved. For example, ; 
ethylenepropylene 0-ring used as the lower dynamic seal llf 
of Fig. 13 has poor resistance to fatty acids. 

In the preferred embodiment of Fig. 17, the holdi 
(dead) volume is decreased and the lower dynamic seal and ti 
lower hollow shaft are eliminated. As illustrated, the mi: 
device of Fig. 17 permits the permeate to be collected insi: 
of the inner hollow cylinder. The permeate, instead of beii 
removed from a hollow inner cylinder continuously through t: 
hollow bo€tom shaft as taught by the embodiment of Fig. 1 
is retained within the hollow inner cylinder of the devi' 
until the termination of the separation process. Thereafte 
said cylinder, including its affixed membrane, is removed fr 
the mini device and the collected fluid is removed. 

Particular features of the mini device include simp 
construction, very small holdup (dead) volume, only one dynam 
seal out of contact with the process liquid, reduced risk, 
foreign body contamination of the process fluid and ease 
device operation. 

As illustrated in Fig. 17, the mini device 156 includ 
a drive means, which may be direct or indirect, in this ca 
an electrical, magnetic or air driven motor 172, attached 
a stationary upper housing 167. The stationary portions 
the apparatus are upper housing 167, a lower housing 168, 
cap 169 and an outer cylinder 170 supported between housi 
167 and housing 168. A shaft 171, formed with a passagew 
171' which is vented to the atmosphere, is coupled to a mot 
172 and rotatably supported in housing 167 by means of bearin 
173. An inner cylinder 174 with a membrane 185 thereon 
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supported on shaft 171. Inner cylinder 174 has its surface 
covered by a grid of narrow interconnecting, shallow channels 
175 coupled to an inner chamber 176, by at least one hole radial- 
ly extending to 175'. A membrane 185, originally constructed 
as a flat sheet, is wrapped around and secured to inner cylinder 
174 in the manner described above. Membrane 185 may also be 
in the form of a seamless sleeve for fitting around inner 
cylinder 17 4. 

Permeate 180 which has passed through the membrane, 
flows through channels 175 into inner chamber 176. The feed 
liquid 18.:,, which is placed between inner cylinder 174 and 
outer cylinder 170, is pressurized by means of a suitable gas 
supplied through an inlet 177. A dynamic seal 178 between 
upper housing 167 and rotating hollow shaft 171 prevents any 
sizeable leakage of pressurized gas supplied through inlet 
177. An 0-ring 179 provides a seal between shaft 171 and cylin- 
der 174. 

The pressure inside hollow cylinder 174 is preferably 
kept equal to atmospheric pressure since shaft 171 is hollow, 
with its upper end exposed to the atmosphere. 

Accumulated permeate is retained within the inner 
chamber o: cylinder 174 until completion of the separation 
process. Thereafter, inner cylinder 174 is ^i.^r.^. 


' ^ t-er:;;its recovery ot tne pernieate 

during the separation process since it is formed with a passage- 

w,-^. V 171' 
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In a further embodiment shown in Fig. 18 r like referr 
numerals being applied to like elements of Fig. 17, an inn 
cylinder 186 of a mini-device is rotated by a magnetic devi 
189. A magnetic element 187, supported on inner cylinder 18 
is rotated by magnetic coupling with a magnetic drive devi 
189. Since the diameter of hollow shaft 183 is small, t 
friction in a dynamic seal 184 along the side of shaft 1 
is reduced and easily overcome by the magnetic drive. 

For each apparatus disclosed in Figs. 8-13, the pre 
sure differential between the feed stream and the permea 
was used as the driving force for transmembrane flow. Pressu 
differential is generated typically by an applied pressur 
preferably from a pump or pressurized gas, upon the feed liqui 
but also can be generated partly or exclusively by a vacu 
applied to the permeate stream. 

Referring now to Fig. 19, an apparatus in accordan 
with the invention is described which employs an electric fie 
as the primary or additional force for generating a transmembra 
permeate flow across at least one of membranes 194' and 19 
attached respectively to an inner cylinder 194 and an out 
cylinder 191. Inner cylinder 194 houses a cylindrical inn 
electrode 190 mounted in inner chamber 194", while outer cylinc 
191 houses an outer cylindrical electrode 192. Electroc 
190 and 192 are connected to a suitable external electric fie 
source 193 by leads 193b and c, respectively. The apparat 
includes an upper housing 198 and a lower housing 196 whi 
together support outer cylinder 191. Housing 198 has an i.nl 
199 for pressurizing feed liquid. 


wo 85/02783 PCT/US84/2094 

- 33 - 

Inner cylinder 194 with a suitable membrane thereon 
has a shaft 197 inserted therein formed with a passageway 197' 
therethrough for venting. Both inner cylinder 194 and shaft 
197 are rotated by rotating means 195. If outer cylinder 191 
ilso has a membrane 191' thereon, and electrode 190 cannot 
I;e imbedded in the outer cylinder as shown, .then the area between 
i.he outer electrode and the backside of the outer membrane 
ihculd be made of electro-conducting matter such as a suitable 
;:!lectrolyte solution, metal, or electro-conducting polymer. 
Additionally, at the start of operation, a limited amount of 
jlectro-conduction material, as electrolyte solution, may be 
jlaced within inner cylinder 194 for making contact with inner 
3lectrode 190. 

Reference is now made to Figs. 20-23, which illustrate 
additional embodiments of the invention for providing ii\ situ 
reparations and analyses. 

In use, conventional _in situ devices often encounter 
difficulties in obtaining continuous analytical data about 
parent fluids. Often, these parent fluids are crude process 
streams containing suspended solids, particulate matter and 
other substances, which interfere with physical and chemical 
fluid measurements and measuring devices. 

The usual practice to circumvent such interference 

^^^^^ ■ -^-e- *'-?i:taDic' :. ... .u.^.. . ....... liV-fi. l ^■^r;u x 

techniques for separation such as centrif ugation and chromato- 
graphy are tir^o r*^-r: n i arv3 i rccrt inuoun , '^ft*--^, "ho r-^r^^-:^ 
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fluid must also be treated with clarifying agents, precipitant s , 
emulsifiers, solubi lizers , antifoaming agents and the like 
which can interfere with fluid measurements or contaminate 
the parent fluid. 

In principle, the ideal separation system would be 
capable of acting in a continuous fashion, thus generating 
a continuous supply of testable samples. Membrane filtation 
would seem to be the most versatile separatory technique were 
it not that membranes tend to become fouled or clogged by a 
wide variety of substances. Moreover, continuous operation 
is not practical since intermittent cleaning is required. 
Such fouling, not only interfers with sample production by 
decreasing transmembrane flow, but more importantly tends to 
alter the quality of the permeate, thus undoing the primary 
objective of the process. Thus, commonly practiced membrane 
separation techniques cannot be used continuously to produce 
acceptable and useable testable fluid. 

In contrast, membrane filtration is achieved i_n situ 
in the apparatus in accordance with the invention disclosed 
in Figs. 20-23 by obtaining continuously a permeate in order 
to provide suitable fluid for analysis, or if desired, by simply 
obtaining a sample of permeate in a discontinous , short time 
separation. No separate concentrate stream is collected. 
In effect, the only fluid loss to the parent fluid is that 
of the permeate transmembrane flow. The unique fluid dynamics 
of the separatory system minimize typical interfering phenomena 
associated with membrane filters such as fouling and concen- 
tration polarization. The apparatus in accordance with the 
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invention also allows for in situ sampling and analysis by 
simply immersing the apparatus for a short time in the parent 
fluid, e.g., water sampling and analysis in contaminated sites. 

As before, the apparatus may take advantage of the 
fluid dynamic referred to as Taylor vortices in which 
toroidal-like counter rotational vortices are created in the 
space between an outer stationary cylinder and an inner rotating 
cylinder. 

Transmembrane flow is created by one or a combination 
of driving forces across the membrane interface including pres- 
sure differential, electric field, and inherent concentration 
gradient . 

Another important feature of the device is the flexi- 
bility of separation. The composition of the permeate can 
be controlled not only by the nature of the membrane and the 
magnitude of the driving force, but also by the specific con- 
ditions of the separation such as the size of the gap between 
the cylinder, the diameter of the inner cylinder and the rota- 
tional speed of the inner cylinder. These parameters determine 
not only the Taylor vortices, but also determine the shear 
stress on the surface of the membrane. 

Besides membrane separation in which a volume of 
permeato iq i nvn i vr>^ r 


yi-.n.>-L .ire :iubrr,GrgGd in the parent fluid can be used for 
different applications, including ion detection (e.a., chlorirl^^ 
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probe, pH probe) oxygen detection, etc. in form of spinning 
an inner cylinder within a stationary outer cylinder, whereby 
signals of electrical nature are obtained free from the interfer- 
ing particle matter. 

Referring to Figs. 20-21, the apparatus in accordance 
with the invention consists of an inner rotatable cylinder 
201 with a semipermeable membrane wrapped along its longitudinal 
surface, connected to a driving shaft 210. Drive shaft 210 
is provided with a pasageway 210' coupled to a vacuum source 
by a tube 202 which extends from the upper region of the driving 
shaft. Driving shaft 210, is contained within a housing 206 
by means of bearings 205. A rotating means 204 is positioned 
in housing 206 and is connected to driving shaft 210 for rotation 
thereof. A vacuum condition is maintained in shaft 210 by 
means of gasket 217. 

If both vacuum and pressure outlets of a suitable 
vacuum pump are used, the same vacuum pump may supply the vacuum 
driving force across the membrane interface while rotating 
inner cylinder 201 by means of a suitable air-driven motor 
204 supported on housing 206 . Inner cylinder 201 may also 
be rotated by means of a suitable flexible drive or other means, 
direct or indirect, electrical or magnetic. 

An outer stationary cylinder 208 is positioned concen- 
tric with and spaced away from inner rotating cylinder 201. 
It is also acceptable for inner cylinder 201 to be eccentric 
with outer cylinder 208. It is possible, by way of example, 
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for said inner and/or said outer cylinders to also be formed 
in a conical shape. A filter membrane 214 is mounted in inner 
cylinder 201. A membrane may also be attached to the inner 
surface of the stationary outer cylinder as taught earlier. 

Outer stationary cylinder 208 can have walls of solid 
construction, but its walls may also be perforated or slotted 
by at least one hole and/or slot 213 in order to establish 
better recirculation and mixing between parent fluid 215 and 
the fluid in the gap between the inner and outer cylinders. 

If the parent fluid is pressurized as in many chemical, 
biochemical and fermentation reactors, transmembrane permeate 
flow is created by using the pressure difference between the 
pressurized parent fluid and the permeate collected. 

Transmembrane permeate flow is collected within inter- 
connected narrow channels 209 on the surface of inner cylinder 
201. The permeate passes through at least one hole perforating 
cylinder 201 into a suitable collector chamber 212, from which 
It may be drawn continously or intermittently. 

Besides pressure differential for transmembrane fluid 
flow, other driving forces may be employed. One is creating 
an electromotive force by placing electrodes in the inner and 
outer cylinders, respectively. Also, a driving force may be 
created by using concentration gradients between the permeate 


be used for separations where the volume of parent fluid is 
limited. The device is fI.t.pIv r,v±ize rr;o'\ . . 


■ ■epaiation of the parent fl'jid 


into 
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a permeate and a parent fluid concentrate is consequently 
obtained. The advantage of this mode of operation is that 
no external means of recirculation of fluid is required. Also, 
parent fluid 215 may remain in the original container. 

If the parent fluid container is in a certain form, 
particularly in the shape of an erlenmeyer flask or test tube, 
the device may be constructed without an outer cylinder. The 
walls of the parent fluid container may be used instead of 
the outer cylinder wall, so long as sufficient space is provided 
between the rotating inner cylinder and the wall of the parent 
fluid container. Alternatively, a kit of interchangeable outer 
and/or inner cylinders of different diameters may be constructed. 

For certain uses, depending upon the type membrane, 
it may not be necessary to reach a Taylor number of 40. If, 
by way of example, the parent fluid is very dilute and non 
viscous and the membrane is only slightly permeable, it may 
not be necessary to establish Taylor vortices. 

Additionally, when the distance between the inner 
and outer cylinders becomes very small, the Taylor number may 
be 40 or less even if the inner cylinder is rotating at high 
speed. Nonetheless, effective separation can be obtained. 
This is partially explained by the high shear rate on the surface 
of the membrane. This is especially true if the shear stress 
is combined with the effect of parent fluid slipping on the 
surface of the membrane, which itself is dependent upon the 
nature of the parent fluid, the membrane, and the magnitude 
of the shear stress. 
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Referring now to Figs. 22 and 22, like referred numer- 
als being assigned to like elements to those depicted in Figs. 
20-21, in order to enhance recirculation of parent fluid in 
the bulk and in the gap between the inner and outer cylinders, 
a recirculation propeller 216 can be used. Propeller 216 is 
attached to the bottom of the rotating cylinder 201. The rota- 
tion of propeller 216 creates recirculation of parent fluid 
in the bulk and in the gap between the cylinders. Propeller 
216 may also serve as a stabilizer for the bottom of the rotating 
inner cylinder, preventing excessive wobbling of the inner 
cylinder in the gap between the inner and outer cylinders. 
It IS particularly important where the inner cylinder 201 is 
flexibly attached to drive shaft 210 by a static "0" ring 213, 
isolating permeate 212 within inner cylinder 201 from the parent 
fluid. 

The device of Figs 20-23 can be submerged into parent 
fluid fully, partially, vertically, horizontally, upside down, 
or at any suitable angle so long as it is sealed sufficiently. 
The apparatus is particularly adaptable for _in situ separations 
in systems where immediate extraction of permeates is necessary. 

The method and apparatus described in Figs. 20-23 
can be used not only for obtaining permeate fluid but also 

for r 1 -1 q 1 ^ V- n ^ 


tube 202 and therefore into the inner rotating cylinder. 
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Such solute or solvent is released into the parent 
fluid through a membrane placed on the outside of the inner 
cylinderr thereby taking advantage of the systems driving force, 
its centrifugal effect, its density differential, or its concen- 
tration difference. The advantage of this method is that the 
membrane in contact with parent' fluid can be kept unfouled 
for any time period, insuring uninterrupted and controlled 
release of the solute and/or solvent into the parent fluid. 
As taught above, the membrane may also be attached to the inner 
surface of the stationary outer cylinder. 

By eliminating the membrane attached to the outer 
surface of the inner cylinder of the apparatus described, an 
improved device for mixing parent fluid is provided. 

The most common type of a mixing device is referred 
to as a stirred tank reactor. Usually, it is a vessel which 
contains parent fluid being intensely mixed by at least one 
impeller. Examples include polymerization tanks, fermenters, 
crystallizers , and enzyme reactors. Stirred tank reactors 
may be a batch type, in which there is no continuous feed stream 
supplied and no product stream withdrawn from the reactor; 
or, it can be a current-flow, stirred tank reactor, which is 
actually a batch reactor with continuous feed inlet streams 
and continuous product outlet streams. 

Generally, it is of utmost importance for the parent 
fluid to be thoroughly and uniformly mixed, because mixing 
(and, thus, shear and degree of turbulence) is among the main 
factors determining the rate of fermentation, crystallization. 
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polymerization and coagulation. Besides uniformity of mixing 
throughout the volume of the reactor, it also is very important 
to control the magnitude of mixing and in turn the shear and 
degree of turbulence. For example, during crystallization, 
more intensive mixing usually results in greater numbers of 
nucleation crystals, but having a smaller size. 

Use of an impeller to mix fluid produces non-uniform 
mixing and degrees of shear and turbulence in a given volume 
within a reactor.' One major reason is the linear speed of 
the impeller "blade" increases as the distance from its center 
increases . 

Reference is now made to Fig. 24 which illustrates 
a device in a :cordance with invention for thorough uniform 
mixing of parent: fluid whereby said fluid is first placed in 
the space between a cone shaped inner rotating cylinder 224 
and an outer stationary cone shapedcy linder 223. The parent 
fluid is supplied via an inlet 221. Product fluid is removed 
via a feed outlet 226 . While in the apparatus, the fluid in 
the form of "spiral coils" moves from feed inlet 221 to feed 
outlet 226. Simultaneously, the spiral coils are rotated around 
their own axes (Taylor vortices), thus insuring uniform mixing, 
sheer and degree of turbulence. 

until the end of th s process by closing feed outlet 226. 

By approDriato r^elccticn cf i pond :i r .'"ir;':* t !' 
: i i t.rif/ :, tPiC inner cylinder, t ne speed CL rcta- 
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tion, the distance between inner and outer cylinders, and the 
"residence" time of the feed fluid in the reactor, the magnitude 
of mixing can be established and controlled. For example, 
during crystallization, nucleation processes require high degrees 
of mixing at first so that critical size nuclei can be formed. 
Thereafter, the degree of mixing is reduced in order to obtain 
sizeable crystals. Unfortunately, crystallization in a tank 
reactor with a stirring impeller results in a very broad size 
distribution of the crystals, rather than uniform size distri- 
bution. When the device, as illustrated by Fig. 24, is used 
for, say, crystallization, and the inner cylinder has the form 
of a cone, then the fluid is supplied to the intensive mixing 
zone (i.e., wide diameter of the cone), and the mixing is reduced 
as the parent fluid is moved toward an outlet 226. Because 
of the reduction in the diameter of the rotating cone, such 
process produces uniform, reproducible crystals in a continuous 
operation . 

The apparatus is also useful in counter current chroma- 
tography, wherein components of mixtures are partitioned between 
stationary and mobile liquid phases. For example, a multilayer 
coil machine containing a coiled column rotating about its 
own axis and simultaneously revolving about a second axis pro- 
duces a complex centrifugal effect. This centrifugal effect 
results in separation of liquid phases by density into alternat- 
ing zones of intense mixing and quiescent separation. In the 
apparatus of Fig. 24, a complex centrifugal field is obtained 
by means of rotating inner cylinder 224 and rotating Taylor 
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vortices. Consequently, the axes of rotation are perpendicular 
to one another. In the coil column machine cited above, in 
contrast, the axes are parallel. 

As compared with existing centrif ugation models, 
the present apparatus is inherently much simpler and easier 
to operate, and does not require any separate coiled columns 
since Taylor vortices appear naturally in operation. 

The apparatus of Fig. 24 can be used with a membrane 
placed along the outer surface of the inner cylinder or along 
the inner surface of the outer cylinder for simultaneous product 
removal of fluid present in the space between the inner and 
outer cylinder. 

It is understood that all the devices described in 
the accompanying drawings are applicable to any filtration 
method in which a spinning surface is employed. These include 
ultrafiltration, microf i Itra tion , reverse osmosis, pervapora- 
tion, dialysis, electrodialysis and water splitting. They 
are also applicable to systems employing plural rotating 
cylinders and plural stationary cylinders. 

Additionally, it is understood that the rotatable 
inner cylinder may be constructed of a porous material such 
as glass, ceramic, sintered metal or an organic substance which 
may effectively operate to filter. 


■ -■ " ' ■ " " • - - • •- ^ li i ."i -J u e s c i i L 1 c Ti , are 

efficiently attained and, since certain changes may be made 
i n 

'-.ciriL . r--r,., tJic invention, it is intonded that 
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all matter contained in the above description shall be 
interpreted as illustrative and not in a limiting sense. 

It is also to be understood that the following claims 
are intended to cover all of the generic and specific features 
of the invention herein described and all statements of the 
scope of the invention which, as a matter of language, might 
be said to fall therebetween. 
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CLAIMS 

WHAT IS CLAIMED IS: 

1. An apparatus for filtration of fluid samples compris- 
ing : 

a rotatable inner body having an outer side wall; 

a stationary outer body having an inner side wall surround- 
ing and spaced from said inner body outer side wall to define a 
gap for receiving a fluid sample; 

at least a portion of the surface region facing the gap of 
at least one of sa^d inner and outer bodies defining a filter 
for the passage of permeate therethrough; and 

means for rotating said inner body at a rate to establish 
a Taylor number ( T^ ) greater than about 40 in at least a 
substantial portion of the fluid sample in the gap. 

2. The apparatus of claim 1, wherein said filter 
comprises a semipermeable membrane, a support member for 
supporting the membrane with a surface in facing relation to the 
gap and means for leading permeate from the surface of the 
membrane facing away frorr the gap, 

3. The apparatus of claim 1^ wherein the outer surface of 
said inner body and the inner surface of said outer body 
essentially define cylinders. 

4- The apparatus cf claim 2, wherein the outer surface of 

^. The apparatus of claim 4, wherein said membrane 
defines the outer surfac(^ of the inner body. 
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6. The apparatus of claim 5, wherein at least a portion 
of the surface region of the outer body facing said gap also 
defines a filter comprising a membrane, support member and 
leading means . 

7. The apparatus of claim 4, wherein said membrane 
defines the inner surface of the outer body. 

8. The apparatus of claim 4, further comprising an upper 
and a lower housing supporting said outer body and enclosing the 
gap and means for supplying a gas through an inlet to an upper 
region of said- gap for pressurizing said fluid sample. 

9. The apparatus of claim 4, further comprising a plural- 
ity of said outer bodies, said plurality of outer bodies being 
interchangeable^ each of said outer bodies having a distinct 
inner surface diameter. 

10. The apparatus of claim 4, further comprising an upper 
housing supporting said outer body and enclosing the upper edge 
of said gap and, an access opening to said gap for a fluid 
sample being defined between lower regions of said inner and 
outer bodies. 

11. The apparatus of claim 10, and including suction means 
coupled to said filter leading means for drawing permeate 
through said membrane. 

12. The apparatus of claim 4, further comprising an 
electrode means on each of said inner and outer bodies with said 
gap and membrane therebetween and means for applying a charge 
between said electrode means. 

13. The apparatus of claim 12, further comprising an upper 
housing supporting said outer body. 
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14. The apparatus of claim 4^ further comprising an upper 
and a lower housing supporting said outer body and enclosing the 
gap, and a fluid inlet and a fluid outlet at opposed regions of 
said gap for recirculating pressurized feed fluid constituting 
said fluid sample. 

15. The apparatus of claims 8, 10, 13 or 14, wherein said 
rotating means comprises a motor and drive shaft, said shaft 
being rotatably supported on said upper housing of said outer 
body and supporting said inner body in rotation. 

16. The apparatus of claim 15, and including a dynamic 
seal between said drive shaft and said upper housing. 

17. The apparatus of claim 4, wherein said membrane is on 
said inner body, said inner body being formed with an inner 
cavity, said means for leading said permeate being adapted to 
communicate with said cavity. 

18. The apparatus of claim 17, and including a hollow 
shaft communicating with the bottom of the cavity of the inner 
body for withdrawing permeate. 

19. The apparatus of claim 16, wherein said cavity is 
adapted to store said permeate, said inner body being removably 
mounted in said apparatus for permitting removal of the permeate 
stored in the cavity. 

20. The apparatus of claim 17, and including means for 
pressurizing said fluid sample and means for ventina said 


lower housing means for enclosing said gap for receipt of a 
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fluid sample, means for supporting said inner body for rotation 
on at least said upper housing means, said supporting means 
being free of dynamic seals in regions of contact with the fluid 
sample when the apparatus is essentially vertical. 

22. The apparatus of claim 21, wherein said supporting 
means includes a shaft coupled to said inner body and journaled 
through said upper housing means, said venting means including 
a passageway through said shaft in communication with said 
cavity . 

23- The- apparatus of claim 17, and including upper and 
lower housing means for enclosing said gap for receipt of a 
fluid sample, means for supporting said inner body for rotation 
on at least said upper housing means, said supporting means 
being free of dynamic seals in regions of contact with the fluid 
sample when the apparatus is essentially vertical, said cavity 
being adapted to store permeate. 

24. The apparatus of claim 21, wherein said supporting 
means includes a shaft coupled to said inner body and journaled 
through said upper housing means, said shaft including a 
passageway through said shaft in communication with said cavity. 

25. The apparatus of claim 24, and including means for 
applying suction to the passageway in said shaft for drawing 
permeate through said membrane. 

26. The apparatus of claims 22 or 24, wherein said 
rotating m.eans includes a motor means coupled to said shaft. 

27. The apparatus of claims 4, 8, 10, 12, 14, 22 or 24, 
wherein said rotating means includes magnet means mounted on 
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said inner body and magnetic drive means positioned for magnetic 
coupling with the magnet means to rotate said inner body, 

28^ The apparatus of claims 4, 8, 10, 12, 14, 22 or 24, 
and including means for supporting the upper and lower bodies 
and the gap therebetween in an essentially vertical position. 

29. The apparatus of claim 4, wherein said outer surface 
of said inner body includes a longitudinally extending slot for 
retaining the ends of said membrane, said inner body being 
compliant for resilient engagement of said membrane ends. 

30. The apparatus of claim 4 wherein said leading means 
comprises a plurality of interconnected channels over at least 
a portion of the surface of the support member in registration 
with said membrane and at least one hole extending from one of 
said channels through said support member for permitting the 
flow of permeate from said channels. 

31. The apparatus of claim 30, wherein said membrane is in 
the form of a sheet, the portions of the surface of said support 
member in registration with said membrane being free of said 
channels and including means for securing said periphery of said 
sheet to said support membrane surface. 

32. The apparatus of claim 31, wherein said securing means 
is an adhesive. 

33. The apparatus of claim 32, wherein said adhesive is of 
the type capable of transfer to a surface from a carrier. 


the surface which are free of channels include two spaced 
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circumf erentially extending regions and a longi tudeinally 
extending region. 

35. The apparatus of claim 3, wherein said inner body is 
formed of a porous material. 

36. The apparatus of claims 10 or 11, wherein said outer 
body is formed with at least one aperature extending between the 
inner and outer surface thereof for the passage of fluid between 
the gap and a quantity of fluid from which the sample is taken. 

37. The apparatus of claims 10 or 11, and including 
propeller means supported on said lower body for rotation 
therewith and positioned at a lower region of the gap. ' 

38. The apparatus of claim 37, wherein said propeller 
means is dimentioned to cooperate with the inner side wall of 
the outer body to stabilize the inner body during rotation. 

39. The apparatus of claim 5, wherein said outer body is 
the wall of a fluid sample container. 

40. The apparatus of claim 4, further comprising a 
membrane cleaning means including tube means extending longitu- 
dinally in said gap and extending outside of said gap; at least 
one outlet means on said tube means facing said membrane, means 
for reciprocatingly displacing said tube means longtudinally 
thereof to traverse said membrane and means for applying 
presurized cleaning fluid to said tube means for application to 
said membrane by said outlet means. 

41. The apparatus of claim 4, further comprising a 
plurality of said inner bodies, said plurality of inner bodies 
being interchangeable, each of said outer bodies having a 
distinct inner surface diameter. 
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42. An apparatus for mixing fluid samples comprising: 

a rotatable inner body having an outer side wall; 

a stationary outer body having an inner side wall surroun- 
ding and spaced from said inner body outer side wall to define 
a gap for receiving a fluid sample; and 

means for rotating said inner body at a rate to establish 
a Taylor number (T^) greater than about 40 in at least a 
substantial portion of the fluid sample in the gap. 

43. The apparatus of claim 41, wherein the outer surface 
of said inner body and the inner surface of said outer body 
essentially define cylinders. 

44. The apparatus of claim 41, further comprising an upper 
and lower housing supporting said outer body and enclosing said 
gap, and a fluid inlet means and a fluid outlet means at opposed 
regions of said gap for circulating feed fluid constituting said 
sample . 

45. A membrane support member for a filtration apparatus 
comprising : 

a body having :i surface for supporting the membrane, the 
body having an esseatially smooth region in registration with 
the peripheral region of the membrane, means for securing the 
periphery of the membrane to the smooth region of the surface of 
the body and means surrounded by said smooth region of the 


46. A membrant^ support member as claimed in claim 45, 
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surface regions of said cylinder including a pair of 
longitudinally spaced cir cumf erentia 1 ly extending regions and a 
longitudinally extending region joining said circumf erentional 
region . 

47. A membrane support member as claimed in claim 45 or 
46/ wherein said leading means includes a plurality of 
interconnected channels and at least one aperture extending from 
said channels into said body in a direction away from said 
surface . 

48. A membrane support member as claimed in claims 45 or 
46, wherein said securing means is an adhesive. 

49. A membrane support member as claimed in claim 48, 
wherein said adhesive is of the type capable of transfer to a 
surface from a carrier- 

50. A method of filtration of fluid samples comprising: 
feeding a fluid sample into a gap between a stationary 

outer body and a rotatable inner body, at least a portion of the 
surface of at least one of said inner and outer bodies defining 
a filter for the passage of permeate therethrough; 

rotating said inner body at a rate to establish a Taylor 
number ( ) greater than about 40 in at least a substantial 
portion of the fluids- 
causing transfilter flow of a permeate by means of at least 
one of pressure differential, concentration differential and 
electric field differential across the filter; and 

collecting permeate solution from the surface of the filter 
facing away from said gap. 
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51. The method of claim 50, wherein said filter comprises 
a semipermeable membrane r 

52. The method of claim 50 r wherein the surfaces of said 
inner and outer bodies defining said gap essentially define 
cylinders . 

53. The method of claim Sir wherein the surfaces of said 
inner and outer bodies 'defining said gap essentially define 
cylinders. 

54. The method of claim 53 r including the step of 
selecting the width of the gap and the speed of rotation of the 
inner body to define the desired Taylor number for the 
particular filter and fluid sample. 

55. The method of claim 53, wherein the surface of said 
inner body facing said gap is defined by said membrane. 

56. The method of claim 53, wherein the surface of said 
outer body facing said gap is defined by said membrane. 

57. The method of claim 55, wherein the surface of said 
outer body facing said gap is also defined by a membrane, 
permeate solution being collected from each of said membranes. 

58. The method of claim 53, further comprising the step of 
retaining a discrete fluid sample in the gap in contact with 
said membrane during filtration. 

59. The method of claim 53, the step of feeding the fluid 
sample comprising the insertion of at least the lower portion of 


receive fluid therethrough, and causing transmembrane flow by a 
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60. The method of claim 53, including the step of releas- 
ably securing said membrane to the support therefor by applying 
an addesive to the portions of the support in registrtaion with 
the periphery of the membrane and applying the membrane to the 
adhesive . 

61. The method of claim 60, wherein said adhesive is 
applied by transfer from a tape carrier, 

62. The method of claim 53, further comprising the step of 
cleaning the membrane by means of at least one cleaning liquid 
spray reciprocated longitudinally of the gap. 

63. The method of claim 53, wherein the fluid sample is 
continuously fed under pressure through the gap. 
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